inhibiting apoptosis of type ii alveolar epithelial cells (aec ii) is an effective way to decrease hyperoxic acute lung injury (HALI); however, the specific underlying molecular mechanisms have not yet been fully elucidated. although mirna-21-5p has previously been reported to decrease H 2 o 2 -induced aec ii apoptosis by targeting PTen in vitro, whether mir-21-5p can decrease Hali in vivo and the downstream molecular mechanisms remain unclear. in the present study, rats were endotracheally administered with an mir-21-5p-encoding (aaV-6-mir-21-5p) or a negative control adenovirus vector, and then a Hali model was established by exposure to hyperoxia. at 3 weeks following the administration of aaV-6-mir-21-5p, the severity of Hali was decreased, as evidenced by the improved outcome of the oxygenation index, respiratory index, wet/dry weight ratio and pathological scores of the Hali lungs. To further investigate the underlying mechanisms, aec ii cells were isolated from the lungs of the experimental rats and cultured. The expression levels of mir-21-5p and its target gene, PTen, were detected, as well as the levels of phosphorylated and total aKT. in addition, the apoptosis rate of AEC II was detected by flow cytometry. The results demonstrated that aaV-6-mir-21-5p administration increased the mir-21-5p levels in primary aec ii cells, while it decreased the expression levels of PTen. mir-21-5p overexpression also increased aKT phosphorylation in aec ii cells from the Hali lungs compared with that of the Hali alone group and the control virus group. The present study indicated that mir-21-5p ameliorated Hali in vivo, which may have resulted from the inhibition of PTen/aKT-induced apoptosis of AEC II cells. These findings suggest that miR-21-5p and PTen/aKT signaling might serve as potential targets for Hali treatment.
Introduction
Hyperoxia-induced acute lung injury (Hali) is a typical complication of oxygen therapy, and can result in acute respiratory distress syndrome (ardS) (1) . in Hali, the hyperoxia can cause apoptosis and necrosis of alveolar epithelial cells (aec) (2) . in addition, apoptosis was associated with hyperoxia toxicity, lung injury and a decrease in survival rate in rats (3) . Type ii aec (aec ii) is the cell origin of aec. aec ii are essential for maintaining homeostatic pulmonary function under normal physiological conditions. Hyperoxia, however, results in loss of epithelial integrity in aec ii, by increasing apoptosis and possibly by enhancing epithelial transdifferentiation (4, 5) . loss of aec integrity then contributes to cytokine release and enhanced immune cell recruitment under Hali conditions (6) . Hali (7) , ardS (8) , pulmonary fibrosis (9) and other oxidative stress-related lung diseases are the predominant reasons for aec-ii apoptosis. aec ii are the primary target cells of high oxygen (4, 7) , and aec ii apoptosis is considered to be the underlying mechanism for the pathogenesis of Hali (10, 11) . The survival or apoptosis of aec ii directly affect the degree of lung injury and repair. For example, transforming growth factor-β receptor interacting protein-1 can reduce aec apoptosis and increase the resistance to Hali (2) . it has previously been reported that inhibiting apoptosis of aec ii effectively decreased Hali in rats (12) . Therefore, aec ii apoptosis is a key contributor of Hali, inhibition of which may be an effective way to decrease the incidence of Hali, and ultimately provide a cure.
Micrornas (mirnas) are a type of small non-coding rnas of [18] [19] [20] [21] [22] nucleotides that are widely expressed in tissues and organs throughout the body. mirnas are involved in cell growth, proliferation, differentiation, apoptosis, metabolism and other biological processes. mirna-21 has been reported to be associated with multiple pathological conditions, including tumor development (13, 14) , cardiovascular (15) (16) (17) , liver (18) , lung (19, 20) and renal (21) diseases, as well as diabetes (22) . using microarray methods, it was revealed that mir-21-5p was differentially expressed in aec ii cells during hyperoxia, and in specific in the H 2 o 2 -induced Hali model (23) . miR-21-5p overexpression in AEC II significantly decreased apoptosis (23, 24) , which may be attributed to inhibition of its target gene PTen (24) . mir-21-5p overexpression in the Hali lung effectively decreased Hali severity in rats (23, 25) . These results suggest that mir-21-5p could alleviate aec ii apoptosis in Hali and decrease lung damage, but its anti-apoptotic mechanisms are not yet fully understood.
Previous studies (24, 26) have suggested that PTen is one of the target genes of mir-21-5p. PTen/aKT signaling has been reported to inhibit cell cycle progression, and promote apoptosis (27, 28) . in addition, it has been widely reported that mir-21 reduces apoptosis by targeting PTen and inhibiting PTen/aKT signaling (17, 29) . The present study investigated the association between mir-21-5p, PTen, aKT and aec ii apoptosis, and speculated that mir-21-5p may decrease aec ii apoptosis via PTen and aKT-associated mechanisms.
Materials and methods
Materials. aaV-6-mir-21-5p-GFP [mir-21-5p mimic (uGu cGG Gua Gcu uau caG acu Gau Guu Gac uGu uGa auc uca uGG caa cac caG ucG auG GGc uGu cuG aca) and green fluorescent protein (GP) encoded in an adeno-associated virus (aaV) type 6 vector] and aaV-6-mir-21-5p negative control (only GFP encoded in the aaV-6 vector) were from Synthgene Biotechnology co., ltd. Primers used for reverse transcription-quantitative Pcr (rT-qPcr) experiments were from Thermo Fisher Scientific, Inc. Fetal bovine serum (FBS), dMeM/F12 and dMeM-low glucose medium (Gibco; Thermo Fisher Scientific, Inc.), Annexin V-FITC/propidium iodide (Pi) cell apoptosis detection kit (Bd Biosciences), QuantiTect SYBr Green Pcr kit (Takara Bio, inc.), HiScript ® II 1st Strand cDNA Synthesis kit (Vazyme), bicinchoninic acid (BCA) protein quantification kit and SDS-PAGE gel preparation kit (Beyotime institute of Biotechnology) were utilized in the present study. Antibodies targeting PTEN (cat. no. ab32199), aKT (cat. no. ab8805), phosphorylated (p) aKT (cat. no. ab38449), and GaPdH (cat. no. ab181602), and the secondary horseradish peroxidase (HrP)-labeled antibody, were from abcam. The unlisted reagents were of analytical grade.
Instruments. The present study utilized a FACSCalibur flow cytometer (BD Biosciences), an inverted fluorescence microscope (nikon corporation), a light microscope (leica Microsystems GmbH), a fluorescence quantitative Pcr instrument (Bio-rad laboratories, inc.), a full-wavelength fluorescent microplate reader (Thermo Fisher Scientific, Inc.) and a transmission electron microscope (TeM; Hitachi, ltd.).
Animals and grouping. all experimental procedures were performed according to the 'Guide for the care and use of laboratory animals' in china, and approved by the Experimental Animal Care and Use Committee of Zunyi Medical university. Sprague-dawley rats (male:female, 1:1 in each experiment; age, 7-8 weeks; weight, 200-220 g) were purchased from the Third Military Medical university (chongqing, china), and housed under controlled conditions: Food and water supplied ad libitum; a 12 h light/dark cycle; constant temperature (22˚C) and humidity (45-55%). The rats were randomly assigned into four groups: i) control group (n=20), exposed to room air; ii) Hali group (n=20), where rats were exposed to 5.0 l/min pure oxygen for 48 h, performed in an air-tight plastic chamber to maintain the concentration of oxygen (>95%), as previously described (30); iii) mir-21-5p + Hali group (n=20), where rats were sedated with 5% isoflurane and AAV-6-miR-21-5p was endotracheally administered at an Moi of 10 6 to the lung through an endotracheal tube inserted into the trachea, then 3 weeks later, the rats were exposed to pure oxygen to induce Hali; and iv) mir-21-5p control + Hali group (n=20), where a control aaV-6 was endotracheally administrated to the lung through an endotracheal tube, then 3 weeks, the rats were exposed to pure oxygen in order to induce Hali. no rats showed any signs of adverse weight loss in the four groups, and therefore no rats were excluded from the study.
Sample collection, oxygenation index (OI) and respiratory index (RI) calculation. at 0, 24, 48 and 60 h after hyperoxia exposure, rats from the four groups were sedated with 5% isoflurane. Blood (2 ml) was collected from the carotid artery and subjected to arterial blood gas analysis, and the OI and RI were calculated. The rats were euthanized by exsanguination, and the left lung was collected for the wet/dry weight analysis, then the rats were transcardially perfused with 4% paraformaldehyde prior to collection of the right lung for hematoxylin and eosin (H&e) staining and pathological score calculation.
Detection of lung wet/dry weight ratio. as previously reported (30) , after euthanasia of the rats, the lungs were surgically dissected away from the heart, trachea and main bronchi, then placed into a bottle, weighed, and dried to a constant weight in an oven at 70˚C for 48 h. The wet/dry weight ratio was calculated to assess lung edema and to quantify the lung water content. lung water content was calculated as: lung water content = [(wet weight-dry weight)/wet weight] x100%.
Histological examination. as previously reported (30) , the lungs collected for histological analyses were fixed with 4% paraformaldehyde at room temperature for 24 h, followed by embedment in paraffin to dehydration, then sectioned (5 µm thickness). The sections were stained with hematoxylin and 0.5% eosin for 5 and 3 min, respectively, in room temperature (~22˚C). Tissue sections were observed under a light microscope. lung injury was scored as previously described by Matute-Bello et al (31) . The parameters used to analyze Hali severity were: i) neutrophils in alveoli; ii) neutrophils in pulmonary interstitium; iii) transparent membrane; iv) areas filled with protein debris; and v) thickness of alveolar septum.
AEC II isolation and culture. The isolation of aec ii was performed based on a previously described method (24, 32) . Following anesthesia of the rats, lungs were removed and blood and leukocytes were replaced with PBS. lungs were minced and digested by 0.25% trypsin for 25 min at 37˚C. The effects of trypsin were neutralized with DMEM/F12 containing 10% FBS. The cell suspension was sequentially filtered through 70 µm cell strainers and centrifuged at 110 x g at room temperature for 5 min. The supernatant was then removed, and the cell pellets were resuspended in collagenase and incubated for 15 min at 37˚C. Collagenase activity was neutralized by the addition of the same medium containing FBS and the cells were centrifuged again at 110 x g at room temperature for 5 min. Cell pellets were resuspended and cultured in flasks containing DMEM/F12 medium with 10% FBS in a 37˚C, 95% air humidity, and 5% CO 2 incubator. AEC II cell identification by TEM. AEC II were identified by TeM as previously described (23) . aec ii were incubated for 48 h and digested with 0.125% trypsin. The cell suspension was collected and centrifuged at 100 x g for 10 min at 4˚C. The supernatant was removed and the cells were fixed with 4% glutaraldehyde at room temperature for 24 h. The cell pellet was rinsed three times for 10 min at 4˚C in PBS and fixed at 4˚C for 30 min in 1% osmium tetroxide, then rinsed three times with PBS and observed by TeM.
miR-21-5p and PTEN mRNA expression level detection by
RT-qPCR. at 0, 24, 48 and 60 h after isolation and culture, cells from each group were washed twice with PBS, extracted with 500 µl TRIzol ® (Thermo Fished Scientific, inc.) at room temperature for 5 min, and centrifuged for 5 min (15,000 x g, 4˚C). The supernatant was collected, 0.1 ml chloroform was added and mixed at room temperature for 5 min, and the sample was centrifuged again for 15 min (15,000 x g, 4˚C). an equal volume of isopropanol was added to the supernatant at room temperature for 10 min, then centrifuged for 10 min (15,000 x g, 4˚C). DEPC water was used to dissolve the RNA pellet. The absorbance of the rna solution was measured at 260 and 280 nm (od 260 and od 280 ), and the concentration of the rna was calculated. as previously described (24), the settings for reverse transcription were as follows: 37˚C for 15 min and 85˚C for 5 sec. The cDNA solution was stored at -80˚C. The qPCR settings for miR-21-5p quantification were: 95˚C for 5 min; 39 cycles of 95˚C for 45 sec, 60˚C for 30 sec, 72˚C for 45 sec; and 72˚C for 10 min. The Cq values of mir-21-5p and u6 (as an internal reference control) were determined. The qPCR settings for PTEN quantification were: 94˚C for 5 min; 39 cycles of 94˚C for 45 sec, 51˚C for 30 sec, 72˚C for 44 sec; and 72˚C for 10 min. The qPCR settings for β-actin quantification were: 94˚C for 5 min; 39 cycles of 94˚C for 45 sec, 60˚C for 30 sec, 72˚C for 44 sec; and 72˚C for 10 min. relative expression levels were calculated using the 2 -ΔΔcq method (33) . The primer sequences were as follows: mir-21-5p, forward 5'-GTcaaTaGcTTaTcaGacTGa-3' and reverse 5'-GTT GGc TcT GGT Gca GGG Tcc GaG GTa TTc Gca-3'; u6, forward 5'-GcT TcG Gca Gca caT aTa cTa aaa T-3' and reverse 5'-cGc TTc acG aaT TTG cGT 
PTEN, pAKT and AKT protein expression detection via western blotting.
Western blotting experiments were performed according to previously described standard procedures (34, 35) . aec ii were lysed with 400 µl lysis buffer (P0013, Beyotime institute of Biotechnology) containing 100 mmol/l PMSF (ST506, Beyotime institute of Biotechnology) for 30 min. Proteins were obtained and stored at -80˚C. The protein concentration was determined using the Bca method and separated via SDS-PAGE (10% gel). Proteins were transferred to PVDF membrane and blocked with 5% skimmed milk at room temperature for 1 h. The membranes were then incubated with rabbit anti-PTen (1:2,000), rabbit anti-pan-aKT (1:500) and rabbit anti-paKT (T308; 1:1,000) primary antibodies overnight at 4˚C, followed by goat anti-rabbit secondary antibody (1:5,000) at room temperature for 1 h. enhanced chemiluminescence was used to detect the results. The strip optical density values were analyzed using a gel image analysis software (image-Pro Plus; version 6.0; Meyer instruments, inc.).
Apoptosis detection with flow cytometry. Flow cytometry with annexin V-FiTc/Pi staining was used to evaluate early and late apoptosis of AEC II cells (17) . Using a FACSCalibur flow cytometer, the apoptosis rates of aec ii cells were detected. aec ii cells were isolated from the lungs of rats in each of the four groups. excluding the 0 h time point groups, aec ii cells were seeded in plates and cultured from each time point. on the day of detection, cells were digested with 1 ml 0.125% trypsin/EDTA for 2 min. Digested cells were centrifuged and the supernatant was removed. cell density was adjusted to 2x10 5 cells/ml, and 100 µl cell suspensions were cultured for 24 h. a cell suspension for analysis was then prepared at 0, 24, 48 and 60 h after isolation and culture. The cells were collected via centrifugation (100 x g, 5 min), then washed twice with PBS (100 x g, 5 min), and 500 µl binding buffer was added. a total of 5 µl annexin V-FiTc and 5 µl Pi were added and mixed at room temperature in the dark for 5-15 min. Apoptosis was detected via flow cytometry 1 h later.
Statistical analysis. SPSS software (version 23.0; iBM, corp.) was used for the statistical analysis. data were expressed as the mean ± standard deviation. one-way anoVa and post hoc dunnett's T3 test were performed in order to compare the differences among and between groups, respectively. P<0.05 was considered to indicate a statistically significant difference.
Results

AAV-6-miR-21-5p administration in lung decreases HALI in rats.
When rats were exposed to >95% oxygen, the OI decreased significantly after hyperoxia exposure, while the ri and wet/dry weight ratio of the lung increased significantly from 24 to 60 h after hyperoxia exposure (Fig. 1) . endotracheally administered aaV-6-mir-21-5p to the lung reversed these changes induced by Hali, as evidenced by increased oi and decreased ri and wet/dry weight ratio, compared with that of the mir-21-5p control + Hali group (Fig. 1) .
AAV-6-miR-21-5p administration in the lung decreases pathological changes in the lung tissue of HALI rats.
The microscopic results of H&e-stained lung tissue sections revealed that neutrophils were rare in the alveolar pulmonary interstitium in the group control ( Fig. 2a ). in the Hali and the mir-21-5p control + Hali group, neutrophils were occasionally observed and were gradually increased in alveolar pulmonary interstitium at 60 h after hyperoxia ( Fig. 2a ). in addition, protein fragments and occasional hyaline membrane were observed in the alveolar interstitium at 48 and 60 h after hyperoxia ( Fig. 2a ), which indicated that Hali rats possessed severe lung injury. in the mir-21-5p + Hali group, the frequency of neutrophil occurrence, protein fragments and hyaline membrane decreased compared with the Hali or mir-21-5p control + Hali groups (Fig. 2a) . endotracheally administered aaV-6-mir-21-5p to the lung significantly decreased pathological changes in the lung of Hali rats, as evidenced by the decreased pathological score (Fig. 2B) .
HALI and AAV-6-miR-21-5p administration in the lung induces miR-21-5p upregulation. after 24 h culture, the aec ii cells revealed adherent, island-like and spindle-like growth. after 48 h culture, aec ii cells were polygonal and up to 95% adherent (Fig. 3A) . The presence of osmiophilic lamellar corpuscles and microvilli, both of which are characteristic structures of AEC II, was confirmed by TEM ( Fig. 3c) . rT-qPcr results demonstrated that both Hali and aaV-6-mir-21-5p administration in the lung induced mir-21-5p upregulation (Fig. 3d ). However, aaV-6-mir-1-5p administration significantly increased miR-21-5p expression compared with the Hali group (Fig. 3d) . 
miR-21-5p overexpression decreases PTEN mRNA and protein expression in AEC II cells isolated from the HALI lung.
The expression levels of PTen were detected via rT-qPcr and western blotting following isolation and culture of aec ii from Hali rats. The results revealed that both mrna and protein PTen expression were decreased in aec ii from the Hali rats ( Fig. 4) . However, in the mir-21-5p + Hali group, PTen expression levels were significantly decreased compared with the HALI group, while the expression of PTen in aec ii from rats receiving the negative control virus did not exhibit any change compared with the Hali rats ( Fig. 4) .
miR-21-5p overexpression increases AKT phosphorylation in
AEC II from the HALI lung. The protein expression levels of aKT and paKT in aec ii from Hali rats were detected via western blotting following different culture times. paKT/aKT ratios were calculated, and the results revealed that in the control group, paKT/aKT demonstrated no difference between 0 and 24 h; however, this ratio decreased significantly at 48 and 60 h compared with the 0 and 24 h time points (P<0.05; Fig. 5 ). in Hali and mir-21-5p control + Hali groups, paKT/aKT ratio was increased at 24 h of hyperoxia compared with their 0 h time points (Fig. 5 ). of note, the mir-21-5p + Hali group exhibited the highest levels of p-aKT/aKT ratio among the four groups, which was significantly higher compared with that of group Hali and group mir-21-5p control + Hali (Fig. 5) .
miR-21-5p overexpression decreases the apoptosis rate of AEC II from the HALI lung. Flow cytometry (Fig. 6a ) was employed in order to detect the apoptosis rate of aec ii cells isolated from the Hali lung that were cultured for different times. control aec ii cells isolated from the normal lung exhibited low early and late apoptosis rates, 0.93-2.53 and 0.23-1.33% respectively ( Fig. 6B and C) . Cells isolated from the Hali lung exhibited gradually increased early and late apoptosis after 24, 48 or 60 h culture ( Fig. 6B and c) . aaV-mir-21-5p administrated to the lung decreased the early and late apoptosis rate of aec ii cells isolated from Hali lung compared with that of the Hali group and the mir-21-5p control + Hali group (Fig. 6B and c) .
Discussion
it has previously been reported that mir-21-5p expression decreased in aec ii cells when cells underwent H 2 o 2 insult (23), but the specific underlying molecular mechanism is not yet fully understood. in the present study, rats were endotracheally administered aaV-6-mir-21-5p to the lung before a Hali model was established in these rats. mir-21-5p overexpression ameliorated Hali and decreased apoptosis of aec ii cells isolated from Hali rats. Molecular experiments demonstrated that mir-21-5p overexpression in the lung decreased PTen mrna and protein expression levels in aec ii cells isolated from Hali rats. in addition, the paKT/aKT ratio increased following mir-21-5p intervention in lung of Hali rats. These results indicate that mir-21-5p targeted PTen and decreased Hali via apoptosis-associated mechanisms.
The present study isolated the aec ii cells from the modeled rats and molecular changes in the isolated cells were investigated ex vivo; therefore, it can be concluded that the PTen, aKT, paKT expression and apoptosis results obtained from the Hali rats were due to the effects on the aec ii cells. The data from the present study demonstrated that mir-21-5p overexpression, as a result of administering aaV-6 carrying an mir-21-5p-expression vector, decreased the severity of Hali in vivo, and decreased the apoptosis rate of ace ii cells ex vivo. Further experiments revealed that PTen mrna and protein expression levels were negatively regulated by the expression of mir-21-5p. By using dual-luciferase reporter gene assay, it has previously been demonstrated that PTen is one of the target genes of mir-21-5p (24, 36, 37) . Previous studies have revealed that mir-21 regulates cell proliferation and apoptosis in different disease models. For instance, in human hepatocellular carcinoma cells, downregulation of mir-21 increased the expression of PTen, and decrease the proliferation, invasion and metastasis of hepatocarcinoma cells (38, 39) . mir-21 overexpression inhibited the apoptosis of nasopharyngeal carcinoma cells, and dual-luciferase reporter assay revealed that mir-21-5p targeted the 3' untranslated region of the PTen mrna (36) . mir-21-5p from mesenchymal stem cell-derived exosomes also inhibited hypoxia/reoxygenation-induced lung microvascular endothelial cell apoptosis in vitro, and decreased lung ischemia/reperfusion injury in vivo (40) . although no agonist/inhibitor of PTen or aKT were used in the present study, our group has previously used the PTen inhibitor Phen in an in vitro Hali model and found that PTen inhibition partially offset H 2 o 2 -induced aecii apoptosis (24) . in a previous study of H 2 o-induced apoptosis in cardiac stem cells, it was found that the PTen inhibitor Phen or the PI3K inhibitor LY294002 efficiently attenuated the antiapoptotic effect of mir-21/PTen/aKT signaling (17) . a number of studies have reported that the PTen/aKT axis is associated with apoptosis (41) (42) (43) . in cancer research, PTen is known to inhibit the growth of cancer cells and lead to apoptosis (44) . Hali induces a pathological condition in lung tissues, and PTen overexpression in Hali aec ii may accelerate cell apoptosis, although no study has reported that mir-21-5p decreases ace ii apoptosis through PTen/aKT. mir-21-5p overexpression promotes non-small cell lung cancer cell growth and mobility through the PTen-aKT axis (45) . mir-21-5p overexpression also enhanced the invasion and sphere forming abilities of keratinocytes through PTen/aKT signaling (46) . Finally, it was previously demonstrated that mir-21-5p decreased ace ii apoptosis through the PTen/aKT pathway in vitro using an H 2 o 2 -induced Hali model (24) . The results from the present study confirmed that mir-21-5p overexpression ameliorated Hali in vivo via PTen/aKT-associated antiapoptotic pathways.
although mirna-21-associated therapies have not been applied to clinical use, it is believed that gene therapy is an effective strategy for ardS/acute lung injury (ali) treatment (47) . in the present study, mir-21-5p was successfully administered to the lung through the trachea. in fact, cells in the lung, such as alveolar epithelial cells, can be specifically targeted through endotracheal intubation management (48) , or through antibodies, pulmonary endothelial cell surface antigen and selective targeting intravenous injection (49) . These data indicated the operability of mirna-based therapy in ardS/ali. although studies regarding the protective effects of mir-21-5p in pulmonary diseases are still in the laboratory research phase, it can be speculated that the elucidation of the antiapoptotic mechanism of mir-21-5p may bring opportunities for the application of mir-21-5p-associated therapies to the clinic.
